Abstrocf-In this work we investigate the stability of a Bluetooth piconet operating in fading (Rice, Rayleigh or Nakagami) channels. By taking into account many protocol details, such as modulation scheme and packet formats, we provide an analytical characterization of the achievable rate regions, which, for a network of N nodes, turn out to be the interior of a convex polyhedron in a (ZN-Z)-dimensional space. We show also that some previous analysis of Bluetooth link performance, by neglecting the impact of the multiple acces scheme, may lead to erroneous conclusions in terms of optimal packet format.
I. INTRODUCTION
The Bluetooth technology, promoted by the Bluetooth Special Interest Group [I] , aims at providing wireless connectivity to low-power low-cost devices. A primary interest, approaching a new technology, is on performance aspects. In the specific case of Bluetooth, the standard provides up to six packet formats for asynchronous data traffic that differ for time duration, data capacity and error-protection. Unprotected and long packet formats show high payload capacity but are sensitive to payload errors. On the contrary, short and protected formats are less subject to payload errors to the delriment of a lower capacity. Therefore, the performance yielded by such different packet formats may show a tradeoff at varying of radio channel conditions. Furthermore, such performance may, as we will show, strongly interacts with the MAC layer mechanisms. In the paper, we first derive a detailed mathematical characterization of the Bluetooth baseband packet reception mechanism that takes into consideration the characteristics of the received packet format and the effects of radio propagation. The mathematical model is, hence, used to investigate the link performance in a wide range of channel conditions, including AWGN, Rayleigh, Rice and Nakagami fading. The obtained results, in terms of packet error prohahilities, are then employed to study the stability of the limited-1 polling scheme commonly deployed in available Bluetooth implementation. In this way, we are able to characterize the limiting performance, in terms of sustainable offered traffic, for the basic Bluetooth network, the s-alled piconet, under fading channel conditions. The analysis provides evidence that the MAC mechanisms influence the packet formats which are able to approach the boundary of the stability region. Such an influence should he taken into account in order to gain insight into the packet format to be used in given channel conditions. In particular, we will show that, in general, for homogeneous channel conditions (i.e. same packet error rate on all links) the packet format approaching the achievable rate region boundaries does not coincide with the one achieving the higher throughput over a single Bluetooth link operating on the same channel. The paper is organized as follows: in Sec. I1 we describe the Bluetooth technology and point out some related works. Sec.III is devoted to the computation of the packet error rate for the various packet formats encompassed by the standard in Rice and Rayleigh fading channels. In Sec.IV the stability of a piconet operating in fading conditions is addressed. Sec. V presents some analytical results and points out some remarks on the optimal packet format. Sec. VI concludes the paper remarking some open issues.
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A. The Bluetooth Technology
The hasic network configuration, in the Bluetooth world, is the so-alled piconet, a cluster of no more than eight devices sharing a common frequency-hopping radio channel.
The access to the shared medium is regulated by one of the units, called master, which polls the others devices (slaves) to ask for data transmission. Full-duplex is achieved by means of a time division duplexing (TDD) mechanism. Note, that, as a results, only master-teslave and slave-t+niaster communications are allowed. A slave-t&slave communication has to undergo a two hops path, passing necessarily through the master unit. The standard does not specify the polling scheme to be adopted: even if offering poor performance, limited-1 polling is the current choice, due to its simplicity and low implementation cost.
The Bluetooth standard provides two types of links, asynchronous connectionless links (ACL), aimed at the transport of elastic data traffic, and synchronous connection-oriented links (SCO), explicitly designed for voice applications. In our work, we focus on data communications only, and thus consider ACL links only. To introduce flexibility in bandwidth allocation, the standard encompasses for ACL links the use Of packets of three different lengths, namely 1, 3 At the link layer, an automatic repeat request (ARQ) mechanism is provided to ensure correct end-to-end transmissions in lossy time-vaging channels. In particular, the standard says that a packet not acknowledged in the subsequent reverse transmission has to he retransmitted "at the next available slot". However, it is not clear whether packet retransmissions should take place immediately after the failed temptative or at the subsequent polling cycle. We will refer to these two possibilities as immediate and not-immediate ARQ, respectively. Both schemes present advantages and drawbacks. In particular, the immediate ARQ is more suitable for delaysensitive applications, since it does not require to wait for a whole cycle time. On the other hand, a single host in deep fade may block the operations of the whole network, arising starvation problems. In this sense, not-immediate ARQ provides better resource management, since it does not devote more time (and hence bandwidth) to link with high error probabilities. Furthermore, it is apparent that not-immediate ARQ provides a higher degree of faimess, since, in the long term, the number of transmission attempts of any host will converge to the same value. For such reasons, not-immediate ARQ seems a reasonable choice for data-oriented networks. Thus, in the following, we will limit ourselves to the analysis of such a scheme.
B. Related works
The Bluetooth MAC has been extensively analyzed by means of numerical simulations, but only a very few papers deal with it from an analytical point of view. Although the TDD nature of Bluetooth communications puts it aside from classical polling system, it has been recently shown by Zussman et al. 121, [3] that, by using s-alled "virtual" packets, the system may be reduced to a classical gated 1-limited polling system with non-zero switchover times. The hasic idea is to consider the first slot of a packet transmission as switchover. Then, we will end up with virtual packets of length, respectively, 0, 2 and 4 slots. Even if this leads to nice results in case of symmetric traffic, the model has to be somewhat changed to accommodate one-way only communications. It is worth noting that these complications may be avoided by simply taking the last slot of a packet transmission as switchover time. In this case we face a simple I-limited polling system, which may be analyzed by using the well-known classical approximate methods [4], [5] , [61. The Bluetooth link performance in error-prone channels has been first analyzed in [7] , where, however, an optimistic full response FSK decoder is considered. The relationship between the BER and the signal-t-noise ratio (SNR), for a common receiver implementation, is widely discussed in [SI.
The stability issues of limited-I polling is a well-treated issue in the literature (see [5] , [6] and the references therein), hut most of the works rely on Markovian assumptions. Results on the stability of such systems in a more general ergodic framework can be found in [9], [IO] , whose analysis relies on the results of [Ill.
LINK PERFORMANCE IN FADING CHANNELS
The Bluetooth link performance in fading channels have been first analyzed by Valenti et al. [7] . Our analysis follows along similar lines; due to lack of space we omit the derivation and provide directly the final results. Let r h , he the average signal to noise ratio (SNR) at the h node. In the typical scenario defined for Bluetooth system, the fading process can be assumed flat on the 1 MHz bandwidth and constant over the reception of an whole data packet [121. Hence, the SNR during the reception of a packet can be expressed as yh = a i r h , where the pdf of ah is given by:
for Rice, Rayleigh and m-Nakagami fading, respectively. Let f be a flag which indicates whether a packet is protected by forward error correction (f = 1) or not (f = 0). n u s , the probability for a 1-slot long packet to be successfully received by a node h is given by PRh(7h: 1, f ) = RECh(yh).
CRCh(7h; I , f), where
where E ( Y ) gives the BER as a function of the SNR 7, as specified in [a] , while S is the receivecarrelator margin as defined in [131. (Throughout the following, we assume S = 0.) The retransmission probability for a D f l packet transmitted by node z to node j (where either i or j is the master node) is, then, given by & , j ( y i , 7 j ; l , f ) = 1 -P R j ( y j ; l , f ) .
REG',(-/,).
Assuming the WSSUS (Wide-Sense Stationag Uncorrelated Scattering) model holds, different carrier frequencies experiment independent fading statistics[ 141. Hence, by virtue of the frequency hopping (FH) mechanism, we can assume that successive packet transmissions experience independent fading. Averaging over the fading distribution, we get the average D f l packet retransmission probability along the ( i , j ) link:
In Fig.] , the goodput versus average SNR for AWGN and Rayleigh fading are plotted for the different packet formats. Then, we may write the effective trajjic matrix as: (4) where I is the identity matrix. The genetic element of the mauix will be written as: ( A ( s ,~, k ) In general, this approach leads only to an approximate analysis of the system, since it bides some dependencies inherently present in the system. However, since the stability analysis is sensitive only to the mean interanival rate and does not rely on independence assumptions among the various flows, the use of this tool does not introduce approximations in the study of the metric under study.
A ( s , z ,~) = QE.A(s,~).(I-U~)+A(S,~).Q;.(I-U~),
B. Achievable Rate Regions
We denote by PiJ(l, f ) the number of transmission attempts necessary to successfully transmit a packet of type ( 1 , f ) over the ( i , j ) link. Due to the frequency hopping schemes provided at the physical layer, and assuming a lowtc-medium mobility scenario, packet errors in successive transmission will be uncorrelated. "bus, given the average packet retransmission probability ri,j(l, f ) for the packet type D f l over the link ( i , j ) , the number of transmissions for successful reception is a modified geometric random variable, having pmf:
P [ @ < , j ( l , f ) = t] = (l-~*,~(l,f)).Ti,j(l,f)t-l,
Denoting by E[.] the statistical expectation operator, we thus have 1
To consider the average number of retransmission for the link ( i , j ) , we may apply the total expectation theorem, obtaining:
Since the various packet types present different robustness against link failures, it is apparent that the statistics of head-of-queue packets will not reflect those represented by
~~,~( l , f).
To make the analysis tractable, we assume that the packets of a single queue are served in random order. Although this assumption may seem odd, it allows us to neglect the dipendency between the packets to be served at subsequent cycles due to the ARQ mechanism. Furthermore, from the point of view of stability analysis, our assumption does not stability issues do not depend on the service policy, as long change the system behavior, since it is a well-known fact that as the latter is work-conserving. Thus, we assume that the D f l is given by:
. 
We will refer to these probabilities as modified parker probabilities.
We define the cycle time TC as the time between two snccessive polls of a single queue; funbermore we define the supercycle time Tc,,, as the time between two successive successful transmissions on the link ( i , j ) . It is clear that the latter may be written as the sum of consecutive cycle times:
Exploting the independency between successive cycles, we take expectation of both members, obtaining:
The cycle time Tc may be written as the sum of the periods spent exchanging data on the (i,j)-th link, denoted by Hence, taking expectation, we get:
which represents a system of 2(N -1) equations in pi,j. The system may be easily solved, leading to: The stability condition for a I-limited polling is given by the set of inequalities: pi,?
Referring the reader to [9] for more details on the issue, we remind that such a system of inequalities provides necessary and sufficient conditions for the network to be stable in a stationary ergodic framework. This, of course, holds if the routing matrix does not present a pathological panem. In our system, for example, the routing matrix prevents packets to undergo more than a twc-bop path (in other words, loops are avoided), so that the well-known Baccelli-Foss saturation mle [I11 may be applied to justify the above stability conditions. Accordingly, the system of inequalities above leads to a stable system regardless of the statistics of the anival processes at the various queues. The stability equations may be more conveniently written in terms of the mean arrival rates:
Note that the above system defines a convex polyhedron in a 2N -24imensional space. The above systems may be easily translated into an equivalent one for the transmission rates (i.e. goodput) by using the values repotted in Tab.1. However, note that in principle the resulting polyhedron in that space could not be convex. Experimentally, we noted that the vertices of the resulting polyhedron are achieved for "pure" policies (i.e. ? r i , j ( l , f ) = 0 or 1 Vi,j). It is thus clear that by allowing for "mixed SAR policies on the various links the resulting polyhedron turns out to be convex.
V. NUMERICAL RESULTS In this section we will provide some numerical examples of achievable rate regions for some special cases. It is clear that the stability region may be depicted only for &e case N = 2, i.e. a single Bluetootb link. Some examples are reported in Fig.2 , where the impact of the channel model and of the average SNR are repotted. The analysis of such a case, although of limited practical interest, still allows ns to get some insight into the impact of some system design parameiers. A question of interest, for example, is the impact of the FECprotection in packets payload field. Fig.3 shows the results obtained for an AWGN channel with an average SNR of 18 dB. We can see that the rate-region achieved by D M n packets contains the one obtained by unprotected packets.
Nevertheless, a larger stability region is reached by using a mix of protected and unprotected packet formats. Another interesting observation is that, in most cases, the boundary of the achievable rate regions may be approached employing 1-and 5-slot long packets only, and this may raise questions on the effective utility of 0 x 3 packets. An exception occurs for SNR values around 18 dB, where the rate region achievable by a mix of D z l and 0 x 3 packets may be not contained in the region achievable by using D z l and 0 2 5 packets. An example of such an "anomalous" behavior is shown in operating conditions). We studied also the stability region for the case .Ri = 4. By considering downlink traffic only and, for the sake of simplicity, equal SNRs on the various links, the achievable rate region takes the shape depicted in Fig.5 . Generally, a phenomenon we observed through our &lysis is that the b o u n d~e s of the stability region may be achieved by employing packet formats which not necessarily are the optimal in the sense of maximizing the link throughput. We believe that our results can be used to improve algorithms such those presented in [17] , where the optimization is carried out considering only the aggregated throughput.
VI. CONCLUSIONS
In this paper we studied the performance limits, in terms of achievable rate region, for a Bluetooth piconet operating in fading channel conditions. We showed how, given channel conditions and packet formats, the problem of defining the achievable rate region may be reduced to the stability analysis of the patticnlar polling mechanism employed, in our case the widely used limited-I policy. For a piconet of N nodes, the achievable rate regions turns out to be the interior of a convex polyhedron in a 2N -2 dimensional space. The results obtained holds for general stationary ergodic traffic pattems in presence of customer routing. Numerical results were presented, which suggested how the MAC mechanisms might influence the optimal packet format for given channel conditions. Two research directions seem of interest to enlarge the presented results, namely the extension to a more complex scattemet stmcture (for which even the case of ideal channel condition seems non-trivial) and to more general polling policies (e.g. exhaustive), where the TDD scheme implemented by Bluetooth does not allow for an immediate application of the results already present in the literature.
